Abstract A shear-wave velocity model of the crust and uppermost mantle beneath the SE Tibetan plateau was derived by inverting Rayleigh-wave group-velocity measurements of periods between 10 and 70 s. Rayleigh-wave group-velocity dispersions along more than 3,000 interstation paths were measured based on analysis of teleseismic waveform data recorded by temporary seismic stations. These observations were then utilized to construct 2D group-velocity maps in the period range of 10-70 s. The new group-velocity maps have an enhanced resolution compared with previous global and regional group-velocity models in this region because of the denser and more uniform data coverage. The lateral resolution across the region is about 0.5°for the periods used in this study. Local dispersion curves were then inverted for a 3D shear-wave velocity model of the region by applying a linear inversion scheme. Our 3D shear-wave model confirms the presence of low-velocity zones (LVZs) in the crust beneath the northern part of this region. Our imaging shows that the upper-middle crustal LVZ beneath the Tengchong region is isolated from these LVZs beneath the eastern and northern part of this region. The upper-middle crustal LVZ may be regarded as evidence of a magma chamber in the crust beneath the Tengchong Volcanoes. Our model also reveals a slow lithospheric structure beneath Tengchong and a fast shield-like mantle beneath the stable Yangtze block.
Introduction
It is widely accepted that the on-going collision of the Indian and Eurasian continents led to crustal shortening and thickening in the Himalaya-Tibet region. However, the mechanisms responsible for both the uplift and the crustal thickening remain controversial. The proposed geodynamic models include the continental extrusion model (Tapponnier et al. 1982 ) and channel flow model (Clark and Royden 2000) . The southeastern margin of the Tibetan plateau is located in a tectonic transitional zone between the uplifted Tibetan plateau to the west and the stable Yangtze platform to the east (Fig. 1) , and plays a key role in both models. For example, Tapponnier et al. (1982) attribute a significant amount of the continental shortening of the India-Eurasia collision to the southeastward extrusion of the Indochina block along the Red River fault (RRF) during the Oligo-Miocene. However, a number of seismic (e.g. Wang et al. 2003; Li et al. 2008b; Huang et al. 2002 Huang et al. , 2012 Yang et al. 2012 ) and magnetotelluric studies (Bai et al. 2010 ) presented evidence for low velocity and electrical resistivity in the mid-to-lower crust, which support the crustal flow model, but to date the distribution and geometry of the crustal low-velocity zones (LVZs) observed in this region are still not well constrained.
Surface-wave tomography has proven to be a useful tool in determining lateral velocity variations in the crust and uppermost mantle (e.g. Shapiro and Ritzwoller 2002) . A number of surface-wave tomography studies were carried out in the SE Tibetan plateau and its adjacent areas. These surface-wave tomographic studies based on earthquake data and seismic ambient noise vary from global to local scale (e.g. Shapiro and Ritzwoller 2002; Yao et al. 2008; Hu et al. 2008; Chen et al. 2010; Yang et al. 2010; Li et al. 2013) . Larger scale global (e.g. Shapiro and Ritzwoller 2002) and regional surface-wave studies ) are sensitive to shear-wave velocity variations in the upper mantle, but lack good constraints on crustal structure and small anomaly bodies. Smaller scale regional and local surface-wave studies (Hu et al. 2008; Chen et al. 2010; Yang et al. 2010 ) cover the entire study area with relatively high resolution and highlight the existence of notable differences in the crust and upper-mantle shear velocities in different areas, but the detailed shear-wave structure in this region is still under debate.
A high resolution local Rayleigh-wave tomographic study of SE Tibet became feasible when a high-density portable broadband seismic array was set up in December 2008 to image and interpret crustal and mantle structures beneath the southern segment of the north-south seismic belt in China. In this study, seismograms for 92 teleseismic events recorded by 350 broad-band stations were analysed to estimate the interstation Rayleigh-wave group velocity at periods from 10 to 70 s. Then, a tomographic inversion based on traditional ray theory (Ditmar and Yanovskaya 1987; Yanovskaya and Ditmar 1990 ) was used to construct 2D Rayleigh-wave group velocity maps of SE Tibet using more than 3,000 Rayleigh-wave dispersions with different two-station ray paths. Finally, a 3D shear-velocity model of the crust and uppermost mantle in this region was obtained by inverting the Rayleigh-wave group velocity dispersions.
Data selection and group-velocity measurements
The fundamental-mode Rayleigh-wave group-velocity dispersions were measured from vertical-component seismograms recorded by the broadband digital seismograph stations operated by the ChinArray (Phase I). The ChinArray (Phase I) is a temporary network of 325 CMG-3ESPC and 25 CMG-3T broadband sensors deployed in the Yunnan, Guizhou, western Guangxi, and southern Sichuan provinces between September 2011 and April 2013. This array offered a greater station density than had previously been available with the permanent or portable broadband seismological stations in those regions. Figure 1 shows the location of the portable broadband stations used in this study.
All the events that occurred from July 2011 to June 2013 with magnitude (m b or M w ) greater than 5.5 were initially selected from the USGS NEIC catalogue. In order to obtain good surface-wave energy records, the focal depths were constrained to less than 70 km. Only events with epicentral distances between 10°and 100°were retained to avoid near-source effects and interference from higher-mode Rayleigh waves. The two-station method for surface-wave dispersion analysis is based on the principle that a given earthquake lies along a common great-circle path (GCP) joining the two stations. In accordance with the assumption of the GCP propagation of surface waves, we only used station pairs for which the angle between the back-azimuths of the far station to the epicenter and to the near station was\4°. We found 92 events that met the above criteria and were recorded at two stations (Fig. 2) . .0 6.3 6.6 6.9 7.2 7.5 Fig. 2 Azimuthal distribution of events used in this study. Distances between the earthquakes (solid circles) and the center of the study area (star) ranged from 10°to 100°4
To determine the two-station group velocity, we first used Wiener filters to construct the best estimate of the interstation Green's function, which is the ratio of the smoothed cross-spectrum to the smoothed auto-spectrum of the first station (Hwang and Mitchell 1986) . Then the interstation group velocities were measured by applying the CWT frequency time analysis technique (Wu et al. 2009 ) to these Green's functions.
The procedures described above were applied to the data of all the selected and processed events, leading to a collection of Rayleigh-wave group velocity dispersions with different period ranges. These dispersions were manually checked for robustness, and then the means for the interstation group dispersions along the individual paths were calculated. Finally, more than 3,000 group velocity dispersions with different paths were constructed. The number of ray paths for the Rayleigh group velocity dispersions at different periods is shown in Fig. 3 . The best coverage occurs between 20 and 40 s, and the number of paths decreases at longer and shorter periods. Although the ray paths for the dispersions at the middle periods are slightly denser than those at the shorter and longer periods, the dataset covers a wide range of azimuths across this region, providing a dense sampling of the SE Tibetan plateau (Fig. 4) .
3 Rayleigh-wave tomography
Tomographic method and resolution
The Rayleigh-wave group-velocities were inverted for a set of periods between 10 s and 70 s on a 0.5°9 0.5°grid. The calculations were made by using several smoothing parameters of 0.1, 0.2, and 0.3. A smaller model-smoothing parameter produces a rougher model but a better fit to the data, whereas a larger smoothing parameter will result in a smoother model but worse data fitting. After testing and thoroughly inspecting the inversions for various solution errors, model resolution, and model smoothness, we selected 0.2 as the optimal smoothing parameter for our study.
Another criterion used in evaluating the quality of the solution is the comparison of the initial mean square traveltime residual and the remaining unaccounted residual. If for one path the travel-time residual exceeds three times the unaccounted residual, then the corresponding path is eliminated from the data set and the solution is recalculated (Yanovskaya et al. 1998 ). The number of data points before and after the selection and the initial and remaining mean square travel-time residuals for different periods are listed in Table 1 .
During tomography, spatial resolution is also simultaneously evaluated using the method described by Yanovskaya (1997) , which is similar to that proposed by Backus and Gilbert (1968) for 1D problems. Figure 4 also shows the corresponding resolution for Rayleigh-wave group velocity maps at periods of 10, 40, and 70 s. The average resolution across the SE Tibetan plateau is about 50-100 km for our tomographic maps at 40 s. The average resolution is better than 100 km for the tomographic maps at 10 and 70 s, although it degrades at longer or shorter periods and near the borders of the region where the path coverage is poor (Fig. 4b-d ).
Group velocity maps
We obtained fundamental-mode Rayleigh-wave group velocity maps for eight periods between 10 and 70 s. The Rayleigh-wave group velocity maps at these selected periods are plotted in Fig. 5 . These group velocity lateral variations are related to the different tectonic and geological features in this region, as noted by previous surfacewave studies using either earthquake data or ambient noise (e.g. Hu et al. 2008; Chen et al. 2010; Yang et al. 2010; Li et al. 2013) . Because of the dense station coverage and raypaths in the SE Tibetan plateau, our results have substantially better lateral resolution for this region compared to published regional (e.g. Li et al. 2013 ) and local (e.g. Hu et al. 2008; Chen et al. 2010 ) group velocity studies. Rayleigh-wave energy penetrates deeper as the wave period increases, and the group velocity at a particular period is related to an integrated average of velocities corresponding to a wavelength-dependent depth. The Rayleigh-wave group velocity maps at 10 and 20 s ( Fig. 5a-c) are primarily sensitive to shear-wave velocity in the upper-middle crust. At periods less than 20 s, the RRF appears to separate the lower-velocity Simao, Baosan and Tengchong blocks from the higher-velocity southwestern Yangtze terrane. This observation suggests a faster Yangtze upper crust compared to the Baosan and Tengchong blocks, confirming and extending into new areas similar observations from active-source refraction/reflection studies (Bai and Wang 2003; Zhang et al. 2005 Zhang et al. , 2013 . The low-velocity anomalies of 0.15-0.20 km/s are observed beneath the Central Yunnan Basin and the southern edge of the Sichuan Basin for periods \20 s, consistent with thick sedimentary layers with thicknesses of up to 10 km (Laske and Masters 1997) .
The group velocity maps at periods between 30 and 60 s depict primarily the differences in the crustal thickness and shear velocities in the lower crust and uppermost mantle ( Fig. 5d-f) . In these maps, the lower group velocities in the northwest and higher velocities in the south and east are preserved. The lower velocities in the northwest that are seen at 30 s period persist to 60 s. This low-velocity zone beneath eastern Tibet corresponds to thicker crust beneath the orogenic belt. The marked positive velocity gradient towards the south and east suggests a gradual decrease in crustal thickness, consistent with observations from receiver function and wide-angle refraction/reflection studies in this region (e.g. Li et al. 2008b Li et al. , 2014 Zhang et al. 2005 Zhang et al. , 2011 Zhang et al. , 2013 Wang et al. 2009; Xu et al. 2013 ). The extremely low velocities between the RRF and the Xiaojiang fault that are seen at 20 s shift northwards towards the Tibetan plateau at longer periods (30-60 s). This observation along with the low crust-upper mantle velocity and the resistivity anomalies observed in this (Li et al. 2008b; Bai et al. 2010; Zhang et al. 2011) imply that the weak lower crust beneath the Tibetan plateau extends into southwest China.
At periods [60 s, the velocity variation evolves from a pattern dominated by the crust to one controlled by lithospheric features. At these longer periods (Fig. 5g, h ), large parts of the western Yangtze craton are characterized by a high-velocity anomaly, corresponding to high shear-wave velocities in the Yangtze lithosphere. The existence of high velocity in the uppermost mantle has been imaged in recently published Rayleigh-wave tomography studies (e.g. Li et al. 2013 ). The western part of the Xiaojiang fault displays overall lower velocities compared to the Yangtze region. The interesting velocity contrasts between the western Yunnan and South China regions suggest that the upper-mantle structure in the South China terrane is distinct from the rest of this region. The most prominent lowvelocity anomaly is found beneath the Tengchong volcano region. The low velocities at these longer periods maybe related to high temperatures and/or partially melted material resulting from the subduction of the Burma microplate (Huang and Zhao 2006; Lei et al. 2009 ) or the Indian plate (Wang and Huangfu 2004; Hu et al. 2008 ).
4 Shear-wave velocity structure
Inversion of local dispersion curves
To obtain an image of the shear-velocity structure of the crust and upper mantle, we inverted for a 1D velocity profile for each 0.5°9 0.5°grid point in the region shown in Fig. 4 using our Rayleigh-wave group velocities from 10 to 70 s periods. Because the longest period of Rayleigh waves used here is 70 s, we invert only for shear-wave speed down to 150 km depth (which will only be reliable to about 100 km), although we lack resolution at that depth, doing so avoided forcing structure at artificially shallow depths. We use only Rayleigh waves, which are predominantly sensitive to vertically polarized shear-wave speeds (Vsv), but for simplicity in this study we also refer to it as the shear-wave speed or Vs model.
A linearized iterative algorithm (Herrmann and Ammon 2004) was performed to obtain our shear-wave velocity model. The earth model was parameterized with layer thicknesses of 1 km at depths of 0-6 km, 2 km at depths of 6-50 km, 5 km at depths of 50-100 km and 10 km at depths of 100-150 km (Fig. 6a) . We use the same velocity in the crust and the shallow mantle to avoid forcing a velocity jump at the Moho discontinuity during the inversions. Since Rayleigh-wave dispersion is primarily sensitive to S-wave velocities, only the shear-wave velocity was inverted. The thickness and V P /V S in each layer were fixed during the inversion and the density was estimated from the P-wave velocity.
In this study, we used a differential inversion scheme, which minimized both the magnitude of the error vector between the observed and computed velocities and the differences between adjacent layers, to avoid large velocity changes between adjacent layers. When the residual between the observed and predicted dispersions remains constant, the change in models corresponding to the various iterations is negligible.
The inversion of surface waves for seismic velocity structure is a typical non-linear problem. To evaluate the uncertainty of the inversion results, we performed numerous (2014) 27(4):411-419 415 inversions for a range of starting models and analysed the resulting suite of best-fitting models. Our ten starting models bound and evenly spanned the range of velocities seen in Fig. 6 . The starting models had one of two velocity gradients (0.01 s -1 or constant velocity), and ranged from 2.8-4.4 km/s at the surface and 4.0-4.6 km/s at 150 km depth. The final shear-wave velocity structure was averaged from the 10 inversion solutions. Statistical evaluations showed large uncertainties in the upper crust of our final results. This is not surprising since the dispersion data used for the inversions were larger than 10 s period. Thus, we established that the uncertainty in the inverted models is 0.04-0.2 km/s depending on depth, except in the upper crust.
4.2 Three-dimensional shear-wave structure Depth slices from the preferred shear-wave velocity model are shown in Fig. 7 , and cross sections through the model are shown in Fig. 8 . At shallow depths of 10 km, lateral velocity variations partially correlate well with the surface geology. The Central Yunnan Basin and southern edge of the Sichuan Basin are characterized by a lower velocity of about 3.2 km/s, whereas higher velocities of about 3.4 km/s are found beneath the three-river Orogenic belt to the west and the South China Fold System to the southeast. At 30 km depth, which is in the middle and lower crust, the eastern part and the southwest and northwest regions are characterized by higher velocities of up to 4.0 km/s compared to the remaining areas where the velocities are about 3.1-3.4 km/s. The obvious low-velocity zone (LVZ) in the middle-to-lower crust is seen most clearly in Fig. 6 . This is similar to recent surface-wave tomography results of Yang et al. (2012) , but we did not observe the LVZs in the eastern and southern part of the study area with normal crustal thickness. At 50 km depth, the wave speeds beneath the northwestern part of the study area are low compared to the surrounding areas, indicating that in the northwestern part the crust reaches down to 50 km depth while in the surrounding area the mantle extends to this depth. In the upper mantle at depths of about 80-120 km (Fig. 7) , high velocities are imaged beneath the Yangtze terrane, while low velocities are clearly observed beneath the Tengchong volcano and the adjacent region. The resolution in the Tengchong and western Yangtze is high (Fig. 4) ; therefore, these velocity anomalies in the upper mantle are not artifacts.
Discussion

The distribution of LVZ and its implications
A prominent feature in our images is the middle-to-lower crustal LVZs beneath the northern part of the SichuanYunnan rhomboidal block (north of *25°N). The distribution of the crustal LVZ is broadly coincident with the area of thick crust, high V P /V S ratio (Sun et al. 2012; Xu et al. 2013; Li et al. 2014 ) and topography in this region. In addition, our LVZs show good spatial correspondence with the high electrical conductivity anomaly observed along two magnetotelluric profiles in this region (Bai et al. 2010) . The low velocities (3.1-3.4 km/s), observed beneath the northern part of the Sichuan-Yunnan rhomboidal block at the middle-to-lower crust, are similar to those observed in this area and elsewhere in Tibet (Caldwell et al. 2009; Yang et al. 2012) . The LVZs in the mid-lower crust may be related to the presence of partial melts and/or aqueous fluids, which have also been proposed as an explanation for the low-velocity (e.g. Caldwell et al. 2009; Yang et al. 2012) , high V P /V S ratio (Sun et al. 2012; Xu et al. 2013) , and low resistivity magnetotelluric anomalies (e.g. Unsworth et al. 2005; Bai et al. 2010) observed in the Tibetan plateau and its adjacent area. Alternative explanations for the LVZs include the alignment of anisotropic minerals (Yang et al. 2012 ), which will lead to strong radial anisotropy in the crust. Thus, observations of LVZs in the Fig. 7 Horizontal slices of the 3D S-wave velocity model at depths of a 10 km, b 20 km, c 30 km, d 50 km, e 80 km, and f 120 km middle-to-lower crust imply a weak zone in the crust, although it cannot be used as an argument for the channel flow model.
Our inversion results show that the LVZs are limited to the northern part of the study areas with thickened crust, but the LVZs cannot be observed in the eastern and southern parts of the study areas with normal or slightly thickened crust. In this region, significant changes in lithospheric deformation regime have also been revealed by tele-seismic shear wave splitting studies (Lev et al. 2006; Chang et al. 2006; Wang et al. 2008) . Recent surface wave azimuthal anisotropy result furthermore shows that these observed splitting in the eastern and southern parts of the study areas can be accounted for by upper-mantle anisotropy alone, but for areas on the plateau proper (with thick crust) crustal anisotropy cannot be ignored. These observation are also confirmed by receiver function study (Sun et al. 2012) , which revealed significant crustal anisotropy beneath the stations located on the Tibetan plateau and its eastern edge, with averaged splitting time 0.5 s. The N-S transition of shear-wave velocity and anisotropy reflects a fundamental change in the lithospheric structure and deformation regime across this region (Lev et al. 2006; Chang et al. 2006; Wang et al. 2008 : Yao et al. 2010 . Interestingly, the existence of mechanically weak crust LVZs is needed to explain the crust and mantle decoupling deformation beneath the northern part of the margin (Yao et al. 2010; Chen et al. 2009 ). Therefore, all these observations are also consistent with the scenario that the crustal thickening beneath SE Tibet has mainly been built by lower crustal flow (Li et al. 2008b; Sun et al. 2012 ).
Slow velocity structure beneath the Tengchong volcanoes
The active Tengchong volcanoes are located in western Yunnan province (Fig. 1) . Geological investigations reveal that the Tengchong volcanoes show multi-phase activity from the Miocene to the Quaternary (Jiang 1998) . Our images reveal one LVZ in the upper-middle crust beneath the Tengchong volcanoes. At the same time, we also note that the intra-crustal LVZ beneath the Tengchong volcanoes is a small-scale local feature that is isolated from other crustal LVZs. This observation is in good agreement with the recently published crustal S-wave velocity model from joint analysis of receiver functions and Rayleighwave dispersion (Sun et al. 2014 ), but differs from the previous surface-wave tomographic models (Hu et al. 2008; Yao et al. 2008 Yao et al. , 2010 Chen et al. 2009; Yang et al. 2012) , which only detected one interconnected weak layer instead of two separate zones in this area because of the relatively low resolution of the studies. These intra-crustal LVZs have been interpreted as isolated channels of crustal flow at different depths beneath SE Tibet (Sun et al. 2014) . The Tengchong volcanoes are also the area where the middle crust is thought to be sufficiently hot to undergo large-scale horizontal flow (Clark and Royden 2000) . In fact, the location of the slow wave propagation also coincides with areas of low upper crust P velocities, resistivity and high heat flow and crustal V P /V S (Wu et al. 1988; Sun et al. 1989; Wang and Huangfu 2004; Li et al. 2008b; Lei et al. 2009 ), which have been used as evidence of a magma chamber in the crust beneath Tengchong Therefore, another reasonable interpretation of the LVZ in the uppermid crust beneath this region may be related to the existence of partial melts resulting from upwelling of mantle material.
Our inversion results also show that the slow shear-wave speeds are not confined to the crust, but extend much deeper into the upper mantle, at least in the top 120 km. This is in good agreement with previous tomographic results where the low-velocity anomaly extends down to about 150 km or even to 400 km depth and suggests that Tengchong volcanism is related to the subduction of the Burma microplate (Huang and Zhao 2006; Li et al. 2008a; Lei et al. 2009 ).
Conclusions
In this study, we estimated interstation Rayleigh-wave group-velocity dispersions using teleseismic waveform data recorded by the temporary seismic stations of ChinArray (Phase I) deployed in SE Tibet. More than 3,000 path-averaged measurements were used to create groupvelocity maps at periods of 10-70 s. The resulting dense ray path coverage allowed us to obtain lateral variations of the group velocities with an unprecedented resolution.
We also generated inverted group-velocity maps for local velocity depth profiles using a linear inversion technique. These profiles were then assembled to a 3D model of shearwave velocity in the crust and uppermost mantle beneath the SE Tibetan plateau. Our new model is not only in good agreement with previous seismic studies in most parts, but also resolves a number of new features. Our 3D shear-wave model shows that LVZs in the crust are confined to the northern part of this region and are not observed across the southern and eastern parts of the region. Our model reveals a distinct zone of low velocities in the upper-middle crust and uppermost mantle beneath Tengchong and implies that Tengchong volcanism is related to the upwelling of hot asthenospheric materials. Fast crustal and mantle velocities were observed beneath the stable Yangtze block.
The detailed model of the crust and uppermost mantle beneath the SE Tibetan plateau provides useful information that improves our understanding of the geodynamic evolution in this region. An on-going study will include Rayleigh-wave phase and receiver function analysis for a joint inversion with these group velocity observations to further constrain the shear-wave velocity structure in this region.
